To understand the increased susceptibility of preterm neonates to infection. Methods: A murine listeriosis model using immunohistochemistry, microarray technology, and real-time polymerase chain reaction (PCR). results: We report that recombinant serum amyloid A (SAA) administered prophylactically 18 h before intraperitoneal (i.p.) inoculation with Listeria monocytogenes conferred a dramatic survival benefit compared with administration of only vehicle in neonatal mice. Neonates that received the recombinant SAA protein had significantly fewer Listeria colony counts on plating of infected liver and showed significantly more activated macrophages, but SAA did not affect postnatal growth. Real-time PCR was used to confirm the microarray findings that gene expression levels for the SAA proteins 1 (Saa1) and 2 (Saa2), in addition to that for orosomucoid-2 (Orm2), were strikingly elevated in the adult compared with those in the neonate. Realtime PCR analysis showed that of the acute phase cytokines, tumor necrosis factor (TNF) gene expression increased exponentially with time in the infected adult, whereas neonates did not show similar increases. conclusion: The increased susceptibility of neonatal mice to listeriosis is in part mediated by a deficiency in the acute phase response, specifically expression of SAA, and that prophylactic SAA protein before neonatal murine listeriosis results in more macrophage activation, lower Listeria counts, and greater survival. a critical component of the response to neonatal infection is mediated by the innate immune system (1,2), which is primarily composed of neutrophils, macrophages, and natural killer cells. Lack of macrophage activation, as determined by expression of major histocompatibility complex (MHC) class-II (3,4) or B7-H1 (5), is a well-known defect in the innate immune response of neonatal mice and is associated with an increased susceptibility to listeriosis. However, macrophage activation is just one component following infection with Listeria monocytogenes. Initially, there is recruitment of macrophages and neutrophils to the site of infection during the first 24-48 h, with neutrophils being essential for the control of microabscesses and activated macrophages eventually predominating the response before the adaptive immune response enables CD8 T cells to clear the infection (6).
a critical component of the response to neonatal infection is mediated by the innate immune system (1,2), which is primarily composed of neutrophils, macrophages, and natural killer cells. Lack of macrophage activation, as determined by expression of major histocompatibility complex (MHC) class-II (3, 4) or B7-H1 (5), is a well-known defect in the innate immune response of neonatal mice and is associated with an increased susceptibility to listeriosis. However, macrophage activation is just one component following infection with Listeria monocytogenes. Initially, there is recruitment of macrophages and neutrophils to the site of infection during the first 24-48 h, with neutrophils being essential for the control of microabscesses and activated macrophages eventually predominating the response before the adaptive immune response enables CD8 T cells to clear the infection (6) .
An essential component of this innate immune response is the cytokine response and the elaboration of acute phase proteins by the liver (7) . These acute phase proteins are stimulated by cytokines, including interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF).
Serum amyloid A (SAA) proteins are acute phase proteins that have been shown to have specific effects on macrophages and other immune cells. Notably, SAA acts as a chemoattractant for monocytes and neutrophils (8, 9) , to induce monocyte tissue factor (10) , and to induce T lymphocyte migration and adhesion (11) . We hypothesized that a deficiency of acute phase proteins underlies the deficient neonatal murine immune response to listeriosis. In this article, we show that SAA is a critical component of the innate immune response and its deficit contributes to neonatal mortality.
RESULTS

SAA1, SAA2, and Orosomucoid-2 Are Significantly Higher in Adults Compared With the Levels in Neonates, Both Before and After Listeria Infection
As shown in Figure 1a , a threshold analysis for the five most upregulated genes included SAA1 (Saa1), SAA2 (Saa2), orosomucoid-2 (Orm2), and SAA3 (Saa3). There was a similar increase for Saa3 in both adults and neonates, but the microarray analysis for the other genes, namely, Saa1, Saa2, and Orm2, suggested that expression was significantly higher at 24 h in the adult compared with the same in the neonate at all time points.
In Figure 1b , Orm2 mRNA expression relative to the housekeeping gene Actb (β-actin) is significantly increased in the neonate by 48 h, but this expression level is still lower compared with that in the adult mouse at 48 h. The findings for Saa1 and Saa2 mRNA expression relative to Actb are more striking, with relative neonatal Saa1 and Saa2 expression significantly less than that in the adult at 24 and 48 h (Figure 1c,d) . Relative expression of Saa1 and Saa2 at 24 and 48 h in the adult is significantly increased compared with that at 0 h (uninfected adults).
Serum amyloid A increases survival
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TNF Increases in an Exponential Manner in Adults After Listeria
Infection, Whereas a Similar Increase Does Not Occur in Neonates
The course of TNF, IL-6, and IL-1β, in response to listeriosis, was analyzed. As shown in Figure 2c , expression of TNF relative to Actb increases in an exponential manner with time in adults compared with that in the neonates. This contrast is not observed for IL-6 and IL-1β relative to Actb (Figure 2a,b) .
Prophylactic Intraperitoneal Administration of rhSAA Before Listeriosis Confers a Survival Benefit
As depicted in Figure 3a , Listeria monocytogenes at a dose of 75 bacteria per gram resulted in the death of all neonates (11 of 11) that had not received recombinant human SAA (rhSAA) within ~3 d, suggesting a deficient innate immune response in the control neonates. However, the prophylactic administration of rhSAA resulted in a clear survival benefit, with 10 of 12 neonates (83%) surviving to 168 h (7 d). When a dose of 150 Listeria monocytogenes per gram was used (Figure 3b) , all neonates not receiving prophylactic rhSAA died within 3-4 d after inoculation, whereas 10 of 16 neonates (62.5%) ultimately survived. Survival was lower with the use of 200 Listeria monocytogenes per gram (13 vs. 0%; Figure 3c) , and all mice died within 3-4 d when a dose of at least 250 Listeria monocytogenes per gram was inoculated (Figure 3d) .
In all experiments, mice that received only Hanks' balanced salt solution (HBSS) did not survive more than 3-4 d after infection. Survival was assessed at 12-h intervals, and there was a 24-h window, between 72 and 96 h after infection, during which the last HBSS-only survivors in each of the four experiments (a) Genesifter web-based software (Geospiza, Seattle, WA) was used for analysis after uploading the raw data with robust multiarray average normalization. The panel represents a threshold analysis showing the five genes with the biggest expression differential between Listeria-infected liver from adults and neonates at 0 and 24 h, as determined using Genesifter software. Note the strong upregulation of the serum amyloid A3, A2, and A1 and orosomucoid-2 proteins in the adult compared with the neonate. Genes whose expression levels are greater are indicated by red, whereas lower expression levels are indicated by light green. (b) The findings from the Affymetrix microarray were confirmed by using real-time reverse-transcription polymerase chain reaction at the uninfected and at the 24-and 48-h postinfection time points, with analyses made relative to expression in the uninfected neonate. Expression of orosomucoid-2 (Orm2), as demonstrated using real-time polymerase chain reaction, is upregulated significantly at 48 h in the adults compared with that in uninfected adults at 0 h (*), P value < 0.05. Orm2 is also upregulated significantly at 48 h (**) in the adults compared with that in the neonates, P value < 0.05. At 48 h, the expression of Orm2 by the neonates is also upregulated significantly compared with that of the neonates at 0 ( † ) and at 24 h ( ‡ ), P value < 0.05. Adults are indicated by solid black columns and neonates by white columns; error bars show SEM. (c) Expression of serum amyloid A1 (Saa1) is upregulated significantly at 24 (P value < 0.001) and 48 h (P value = 0.009) in the adults compared with that in uninfected adults at 0 h (*). Saa1 is also upregulated significantly at 24 ( § P value < 0.001) and 48 h (**P value = 0.003) in the adults compared with the neonates at the same time points. Adults are indicated by solid black columns and neonates by white columns; error bars show SEM. (d) Expression of serum amyloid A2 (Saa2) is upregulated significantly at 24 and 48 h in the adults compared with that in uninfected adults at 0 h (*), P values = 0.01. Saa2 is also upregulated significantly at 24 ( § ) and 48 h (**) in the adults compared with that same in neonates at the same time points, P values = 0.01. Adults are indicated by solid black columns and neonates by white columns; error bars show SEM. Articles Hawkins et al.
were noted to have died. The last neonate that received only HBSS and was infected with 75 Listeria per gram died by 72 h after infection, and less than 20% of neonates that received only HBSS in the other experiments survived to at least 72 h.
Mice that survived listeriosis after receiving prophylactic rhSAA were more likely to be chronically infected with Listeria monocytogenes. All ten of the neonates that survived for 1 wk after Listeria infection with a dose of 75 Listeria per gram had received prophylactic rhSAA, and all 10 of these mice subsequently survived for 6 wk after initial infection, at which time, they were killed and weighed (mean weight was 14.9 g, with a range of 9.9-18.3 g). Entire spleens were homogenized in 1 ml of sterile phosphate-buffered saline (PBS), and then 100 µl of homogenate was plated on tryptic agar plates. The value of log 10 of the splenic colony counts was 1.0 for three mice and 2.6 for a single mouse, with the remaining mice showing no evidence of infection. This is similar to the results in nude and thymectomized mice that have increased innate, but no adaptive, immunity (6) .
In contrast, only 8 of the 10 neonates that survived listeriosis for at least 1 wk (168 h) with a dose of 150 Listeria per gram after receiving prophylactic rhSAA survived to 6 wk. Importantly, all of these eight survivors showed chronic infection, with log 10 splenic colony counts ranging from 1 to 3.5. These mice were significantly smaller at 6 wk of age compared with the mice that had received a dose of 75 Listeria per gram (P = 0.001), with a mean weight of 11.4 g (range: 9.8-13.4 g).
rhSAA Did Not Affect Postnatal Growth, as Determined by Body Weight at 5 Wk of Life As described earlier, mice that had received rhSAA and survived listeriosis showed postnatal growth restriction, and therefore we sought to exclude rhSAA being a cause of the postnatal growth restriction. As shown in Figure 4a , the mean weight of uninfected mice that had received rhSAA in HBSS was 9.0 g (n = 10), whereas the mean weight of uninfected mice that received only HBSS was 7.9 g (n = 11); this difference was not significant (P = 0.3).
Mice That Received Prophylactic rhSAA Had Lower Listeria Colony Counts in the Liver After Infection
As presented in Figure 4b , mice that received prophylactic rhSAA had lower Listeria colony counts compared with mice that did not receive rhSAA. Specifically, at 24 h, mice that received prophylactic rhSAA had 86% lower colony counts: logarithmic mean = 4.3 (range: 4.1-4.6) vs. 5.2 (range: 4.9-5.3), P = 0.004; and at 48 h, mice that received prophylactic rhSAA had 98% lower colony counts: logarithmic mean = 5.6 (range: 5.5-5.6) vs. 7.3 (range: 7.2-7.5), P < 0.001. Mice that did not receive rhSAA were more likely to appear jaundiced and lethargic in appearance at the time of killing.
Greater Numbers of Activated Macrophages Are Present in the Livers of Neonatal Mice That Received Prophylactic rhSAA Before Listeria Infection
Mice that received prophylactic rhSAA had greater average numbers of activated macrophages per high-power field (HPF; magnification of ×40) compared with mice that did not receive prophylactic rhSAA (10 HPFs analyzed per mouse). As seen in Figure 4c , in uninfected liver (0 h, which is 18 h after intraperitoneal (i.p.) injection with either rhSAA in HBSS or HBSS alone), mice (n = 1) that received rhSAA had 5.4 activated macrophages per HPF (range: 1-10) vs. 2.5 activated macrophages per HPF (range: 0-7) in mice (n = 3) that did not receive prophylactic rhSAA (P = 0.009). Similarly, at 12 h after Listeria infection, mice (n = 4) that had received prophylactic rhSAA had a mean of 9.9 activated macrophages per HPF (range: 5-22) compared with 3.3 activated macrophages per HPF (range: 0-6) in mice that did not receive prophylactic rhSAA (n = 4), and this difference was statistically significant (P < 0.001). At 24 h after Listeria infection, mice that had received prophylactic rhSAA (n = 4) had a greater number of activated macrophages per HPF (mean: 7.5; range: 1-20) compared with mice (n = 4) that did not receive prophylactic rhSAA (mean: 4.9; range: 1-17), and this was also statistically significant (P = 0.007). At 48 h after Listeria infection, the counts of activated macrophages were no longer statistically 
DISCUSSION
Although listeriosis is not a common cause of infection within the general population, it is a problem for specific subgroups, in particular neonates, pregnant women, and elderly adults (12) . Similar to humans, neonatal mice are at increased risk for listeriosis compared with adults, and thus our model of listeriosis is a relevant and useful one. In the case of neonatal mice, this increased susceptibility to listeriosis has been associated with a defect in the innate immune response, specifically a deficiency of activated macrophages bearing MHC class-II (Ia) (3), and unpublished data from our laboratory indicate that the neutrophilic response to acute listeriosis is similar in neonates and adults. We found that gene expression for SAA proteins was deficient in the neonate compared with that in the adult mouse after infection with Listeria monocytogenes. SAA has important immune effector functions and has been shown to function as a chemoattractant for monocytes and neutrophils (8, 9) , to induce monocyte tissue factor (10), and to induce T lymphocyte migration and adhesion (11) . Thus, the presence of the SAA proteins in listeriosis is likely an important factor in the timeline, as described by Unanue (6), whereby Articles Hawkins et al.
the initial arrival of neutrophils is complemented by activated macrophages, with eventual transition to the adaptive immune response enabling CD8 T cells to clear the infection. We found that expression of hepatic TNF increased in an exponential manner with time after Listeria infection of adults, but a similar rise was not found in infected neonates. Previously, it has been reported that (i) newborn rats infected with Listeria monocytogenes had deficient TNF levels, (ii) pretreatment of juvenile, but not newborn rats, with exogenous TNF decreased the splenic bacterial load, (13) and (iii) TNF is important for control of murine listeriosis (14) . Importantly, neonatal mice that are deficient in the TNF receptor-1 show large necrotic lesions of neutrophils and macrophages in the liver and are unable to switch to a T-cell-mediated sterilizing response (15) , suggesting a crucial role for TNF in the neonatal response to listeriosis. The strain of Listeria monocytogenes can influence regulation of TNF production, such that a less pathogenic, non-listeriolysin (LLO−)-producing strain results in sustained transcription of TNF (16) . In this study, the Listeria strain that was used was a listeriolysin-producing (LLO+) strain.
Acute phase cytokines other than TNF also influence the innate immune response. IL-6-deficient mice have a defect in the neutrophilic response (17, 18) , but this deficiency does not affect macrophage activation (17) . Consistent with this, we did not see a differential increase in IL-6 expression between adults and neonates, and there was no apparent difference in the neutrophilic response to Listeria-infected liver and spleen. Nor did we find a differential rise in IL-1β expression in adult mice compared with the expression in neonatal mice. Importantly, IL-1β influences macrophage activation and, thus, the innate immune response (19) . We can thus conclude that the neonatal deficiency in macrophage activation is not a result of differences in IL-1β but is likely related to deficient neonatal production of TNF, which in turn may underlie deficient SAA expression because we show that prophylactic recombinant SAA increases macrophage activation.
In addition to the gene expression for TNF and the SAA proteins, we found the expression of orosomucoid-2 (Orm2), an α-1-acid glycoprotein and acute phase protein, to be deficient in the neonate. Hepatic expression of Orm2, Saa1, and Saa2 increases in response to Plasmodium chabaudi malaria infection (20) . Other factors have been reported to affect the susceptibility of neonatal mice to infection. In particular, docosahexaenoic acid, found in rodent fetal serum and diets rich in fish oil, inhibits acquisition of macrophage activation and cyclooxygenase-based tumoricidal function (21) . Interestingly, we found that mice that received rhSAA and that subsequently survived listeriosis were more likely to be chronically infected. This is similar to the situation of nude and thymectomized mice, which survive acute listeriosis but remain chronically infected. Due to a deficiency of CD8 T lymphocytes, nude mice are unable to sterilize the bacteria (6) . An understanding of why neonates surviving Neonates were divided into two groups balanced by age and body weight, then injected with either 50 µl of rhSAA (50 µg/ml in Hanks' balanced salt solution (HBSS)) or 50 µl of HBSS alone. These mice were then killed after 5 wk, and their body weights were compared. There was no significant difference in postnatal growth as measured by body weight at 5 postnatal weeks (9.0 g for mice that received rhSAA in HBSS, n = 10; vs. 7.9 g for mice that received only HBSS, n = 11; P value = 0.3). (b) Neonatal Balb/c mice (4 d old) were divided into two groups, with 3-4 mice in each group for each time point and were balanced by body weight. The mice received intraperitoneal (i.p.) injection of either rhSAA (50 mg/ml) in HBSS or HBSS alone (50 µl total volume). After 18 h, the mice received i.p. injection of 150 Listeria per gram and were killed at 24 and 48 h after infection. Livers were homogenized with sterile phosphate-buffered saline and plated on tryptic soy agar plates. Neonates that received rhSAA, compared with controls that received only vehicle, showed significantly fewer log 10 Listeria colony counts after plating on tryptic soy agar plates (log 5.2 vs. 4.3 at 24 h post-Listeria infection, *P = 0.004; 7.3 vs. 5.6, **P < 0.001 at 48 h post-Listeria infection). (c) Neonatal Balb/c mice (3-5 d old) were divided into two groups balanced by weight and received i.p. injection of either rhSAA (50 mg/ml) in HBSS or HBSS alone (50 µl total volume). After 18 h, the mice received i.p. injection of 150 Listeria per gram and were killed at 0, 12, 24, and 48 h after infection. Livers were preserved using periodate-lysine-paraformaldehyde, serially sectioned, and stained for major histocompatibility complex (MHC) class-II antibody as a marker of macrophage activation. Ten high-power fields (HPFs) were counted per neonate. Compared with mice (n = 3) that received only HBSS, a neonate that received rhSAA (n = 1) 18 h before killing showed significantly greater numbers of activated macrophages per HPF, as determined by signal MHC class-II staining, in uninfected liver at 0 h, *P = 0.009. There were also significantly greater numbers of activated macrophages per HPF at 12 and 24 h postinfection in mice that received rhSAA in HBSS 18 h before infection (n = 4 mice per group) compared with mice that received only HBSS (n = 4 mice per group), **P < 0.001 (12 h) and † P = 0.007 (24 h). There was no significant difference in the number of activated macrophages per HPF at 48 h postinfection in mice that received rhSAA in HBSS 18 h before infection (n = 8 mice) compared with mice that received only HBSS (n = 4 mice), P = 0.81. 
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Articles with rhSAA were chronically infected with Listeria will be important. We report that SAA is a critical factor in the acute phase innate immune response. Neonatal mice infected with Listeria monocytogenes showed deficient gene expression for SAA 1 and 2 compared with infected adults, and this was correlated with deficient gene expression of TNF, deficient macrophage activation, and higher Listeria burdens. Although our findings do not prove that the increased susceptibility of neonatal mice is entirely due to lack of SAA upregulation, it may be that ultimately SAA could be used as a therapeutic adjunct in the case of neonatal sepsis. We report that when neonatal mice were pretreated with recombinant SAA, there was a considerable survival benefit associated with a decreased bacterial load and greater numbers of activated macrophages.
METHODS
Balb/c Mice
Balb/c adult mice (at least 6 wk old) and their pups were bred and maintained under pathogen-free conditions in our vivarium in accordance with the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center. Adult mice were killed by the protocol using CO 2 narcotization with cervical dislocation, and neonatal mice were killed by decapitation.
Listeriosis Model
The methods for culturing and counting the Listeria monocytogenes (strain CNL 85/163) were described previously (16) . The Listeria strain was injected i.p. using a 1-ml U-100 insulin syringe with a 30-gauge needle. Doses of Listeria monocytogenes used were based on the unpublished work by scientists at our laboratory showing that similar bacterial colony counts were obtained with 4.2 × 10 5 total Listeria per adult mouse and 150 Listeria per gram for 3-to 5-d-old neonatal mice (greater than 1,000-fold difference for the example of a 2.5-g neonate), emphasizing the dramatically increased susceptibility of neonatal mice to infection. In neonatal mice, great care was taken to avoid deep i.p. injection toward the viscera or across the central abdominal vessels.
Histology and Immunohistopathology
Liver and spleen were fixed using periodate-lysine-paraformaldehyde and frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek, Torrance, CA). Serial frozen sections of 8-µm thickness were cut using a cryostat-microtome. Slides were dipped in 70% ethanol for 1 min and then rinsed by dipping in 1X PBS 10 times. A blocking solution containing 3.3% normal goat serum (Vector Labs, Burlingame, CA), 3.3% normal donkey serum (Jackson Immunoresearch, West Grove, PA), and 3.3% bovine serum albumin (Sigma-Aldrich, St Louis, MO) in 1X PBS was applied for 1 h, and the slides were incubated with the primary antibody overnight at 4 °C, washed three times with 1X PBS, and incubated with the secondary antibody for 1 h at room temperature in the dark. For MHC class-II and Listeria staining, a 1:100 dilution of rat anti-mouse MHC class-II IgG2b primary antibody (Clone ER-TR3; BMA Biomedicals, Augst, Switzerland) and a 1:50 dilution of rabbit anti-Listeria IgG primary antibody (ViroStat, Portland, ME), respectively, were applied. Negative control slides used only secondary antibodies without primary antibodies. Secondary antibodies included AlexaFluor-488 goat anti-rat IgG (Invitrogen, Carlsbad, CA) and Cy3-conjugated goat anti-rabbit IgG (Jackson Immunoresearch, West Grove, PA). After staining with secondary antibodies, the slides were dipped in Milli-Q water 10 times, and a cover slip was applied using Vectashield with DAPI (Vector Labs, Burlingame, CA); the slides were visualized with a Zeiss-LSM510 microscope.
